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INTRODUCTION 

This  report  summarized  the  research  activities  during  the 
first  year  of  work  as  was  planned  in  the  proposal .  It 
completes  the  information  which  was  given  in  the  previous  two 
progress  reports.  Basically,  the  aim  of  the  first  year  was  to 
study  the  possibility  of  deposition  of  silicon  nitride  thin 
films  from  silane  and  ammonia  at  low  temperatures.  The 
investigation  was  carried  out  by  studying  the  effect  of 
substrate  temperature  on  deposition  rate  and  film  quality. 

In  addition,  the  photochemical  reaction  was  studied  by 
analyzing  the  composition  of  gas  molecules  prior  and  during 
laser  irradiation. 

At  the  end  of  the  first  year  it  was  also  possible  to  start 
doing  experiments  for  deposition  of  silicon  carbide  from 
silane  and  acetylene. 


EXPERIMENTAL 

2.1  List  of  Experiments  For  Silicon  Nitride  Deposition 

Table  1  lists  the  deposition  conditions  for  the  formation 
of  silicon  nitride  thin  films.  The  table  includes  deposition 
temperature,  gas  flow  rate,  total  pressure,  laser  energy, 
repetition  rate  and  number  of  pulses.  As  can  be  observed  from 
this  table  the  gas  mixture  was  changed  during  experiments  in 
order  to  continue  optimization  of  the  deposition  process.  The 
flow  of  Ar  into  the  chamber  was  necessary  for  washing  the 
window  in  order  to  prevent  deposition  on  it.  The  repetition 
rate  was  constant  in  all  the  experiments,  except  run  SIN36. 
The  laser  energy  was  changed  in  the  range  of  130-210  mJ/p. 

The  changes  in  the  laser  energy  were  uncontrollable  due  to 
degradation  in  the  laser  performance.  The  pressure  values  are 
given  as  total  pressure  including  the  washing  gas  which 


2 


contributed  the  major  part  to  the  value  of  the  total 

pressure.  In  addition  to  the  parameters  which  are  specified 

in  the  table,  it  should  be  mentioned  that  the  base  vacuum 

-6 

prior  to  deposition  was  1*10  Torr.  The  substrate  on  which 
the  deposition  was  carried  out  was  Si (100)  for  experiments 
SIN30-SIN36  and  Si02  (55  thick) /Si (100)  in  experiments 
SIN40-SIN47 . 

2.2  METHODS  OF  ANALYSES 

The  investigation  and  optimization  of  the  process  of  SIN 
film  deposition  was  carried  out  by  monitoring  the  various 
parameters  which  affect  the  deposition  rate  and  film 
properties.  These  parameters  are  total  pressure,  gas  flow 
rate,  substrate  temperature,  laser  energy,  laser  repetition 
rate  and  number  of  pulses.  There  was  also  a  special  need  to 
maintain  a  constant  distance  between  the  laser  beam  and  the 
substrate. 

During  each  experiment  the  value  of  these  parameters  were 
recorded  and  also  a  gas  analyses  was  done  several  times  and 
the  different  kind  of  molecules  and  radicals  which  were 
formed  during  laser  irradiation  were  determined. 

The  quality  of  the  films  was  characterized  by  examining  their 
composition  by  Auger  Electron  Spectroscopy  (AES)  and  SIMS  and 
the  microstructure  was  examined  by  using  Transmission 
Electron  Microscopy  (TEM) .  The  thickness  of  the  film  was 
measured  mainly  by  ellipsometry  however  sometime  we  had 
difficulties  which  arised  from  the  fact  that  the  refractive 
index  of  the  substrate  was  different  from  the  Si  standard 
which  was  used  to  calibrate  the  instrument.  Few  measurements 
of  the  refractive  index  were  peformed  by  making  tranmittance 
and  reflectance  measurements  and  calculating  the  refractive 
index  from  the  minima  or  maxima  of  theses  curves . 
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Table  1 ;  Deposition  conditions  of  LCVD  experiments 


EXP. ID 

TEM. 

FLOW 

RATE 

PRESS . 

LASER  BEAM 

*C 

SCCM 

INT. 

R.R 

No. 

SiH4 

NH3 

Ar 

Torr 

mJ/p 

Hz 

Pulses 

SIN30 

400* 

25 

7.5 

105 

5.9 

190 

20 

50000 

SIN31 

300* 

25 

7.5 

100 

6.4 

210 

20 

50000 

SIN32 

* 

200 

25 

7.5 

100 

6.5 

210 

20 

50000 

SIN33 

* 

250 

25 

7.5 

100 

5.8 

150 

20 

32000 

SIN34 

* 

250 

25 

7.5 

100 

6.5 

200 

20 

50010 

SIN35 

* 

200 

25 

7.5 

100 

6.3 

170-130 

20 

50003 

SIN36 

200* 

25 

7.5 

100 

6.1 

170 

5 

30012 

SIN37 

* 

300 

15 

25 

50 

4.7 

130 

20 

16000 

SIN38 

•k 

220 

10 

15 

100 

6 

130 

20 

20010 

SIN39 

* 

280 

15 

25 

50 

5.4 

135 

20 

10000 

SIN40 

* 

300 

15 

25 

50 

5.5 

150 

20 

10000 

SIN41 

* 

320 

15 

25 

50 

4.8 

160 

20 

40007 

SIN42 

* 

270 

15 

25 

50 

5.0 

150 

20 

40177 

SIN43 

* 

220 

15 

25 

50 

4.8 

150 

20 

40000 

SIN44 

* 

220 

9 

15 

100 

6.0 

150 

20 

40164 

SIN45 

** 

170 

9 

15 

100 

5.8 

150 

20 

40008 

SIN46 

k  k 

120 

9 

15 

100 

6.0 

150 

20 

40003 

SIN47 

k 

120 

9 

15 

100 

6 

150 

20 

92500 

SIN48 

* 

315 

9 

15 

100 

6 

130 

20 

100200 

SIN49 

200* 

9 

15 

100 

6 

110 

20 

100000 

*The  temperature  was  measured  on  the  substrate  surface 
**  The  temperature  was  measured  on  the  specimen  holder  which 
is  expected  to  be  higher  than  the  substrate  temperature 
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2.3  Experiments  for  Silicon  Carbide  Deposition 

The  major  part  of  the  work  for  LCVD  of  SIC  concentrated  in 
the  installation  of  acethlene  line  for  supplying  the 
precursor  gases  needed  to  SIC  formation.  In  addition / 
absorbtion  measurements  were  conducted  by  measuring  the 
incident  laser  intensity  and  the  intensity  after  travelling 
through  the  chamber  in  a  vacuum  and  at  several  pressures. 


3.  RESULTS 

3.1  Characterization  of  Silicon  Nitride  Films 

3.1.1  Films  Composition 

The  depth  composition  profiles  of  the  silicon  nitride  films 

obtained  in  experiments  SIN30-36  were  discussed  in  the 

progress  report  No. 2  (App.B).  These  results  which  were 

obtained  at  SiH  /NH  ratio  of  10/3  showed  that  the 

4  3 

composition  of  the  films  depended  upon  deposition  temperature 

and  the  Si/N  atomic  ratio  was  changed  in  the  range  of  0.55-1, 

while  both  stochiometric  silicon  nitride  (Si  N  )  and  silicon 

3  4 

nitride  films  which  are  obtained  at  low  pressure  CVD  have  a 
ratio  of  0.75.  No  correlation  could  be  observed  between  the 
Si/N  ratio  between  the  temperature  and  film  composition.  The 
film  which  has  a  Si/N  ratio  close  to  the  stochiometric 
silicon  nitride  was  obtained  at  a  substrate  temperature  of 
250 °C.  An  important  result  that  is  shown  in  the  depth 
composition  is  that  there  is  high  amount  of  oxygen  in  the 
films  which  were  obtained  at  substrate  temperature  of  about 
300 °C  and  lower.  This  new  factor  must  be  considered  in 
studying  the  deposition  at  low  temperature.  Fig.l  shows  a 
depth  profile  composition  of  silicon  nitride  films  obtained 
at  another  sery  of  experiments.  In  these  experiments  the  flow 
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rate  of  the  precursor  gas  was  decreased  keeping  SiH  /NH 
ratio  of  3/5.  The  reason  for  lowering  the  amount  of  the 
silane  and  increasing  ammonia  was  to  prevent  powder  formation 
in  the  gas  phase  due  to  the  interaction  between  silane 
derivative  which  might  be  produced  due  to  silane 
decomposition  by  the  laser  beam. 

The  AES  depth  composition  profiles  show  (e.g  Fig. 2)  that  at 
all  temperatures  which  were  examined  the  composition  is 
homogenous  with  a  constant  Si/N  atomic  ratio  of  between  0.8 
and  0.9.  The  interface  between  the  silicon  nitride  film  and 
the  silicon  oxide  substrate  is  very  sharp.  The  film  thickness 
decreases  with  lowering  temperature,  starting  at  50  nm  at 
320*C  (SIN41)  followed  by  30  nm  at  220°C  (SIN44)  ending  at 
20  nm  at  170"C  (SIN45)  (the  deposition  conditions  are 

summarized  in  table  1 ) .  The  AES  measurement  performed  on 
SIN42  specimen  was  unsuccessful  probably  due  to  the  presence 
of  trapped  gas  bubbles  inside  the  film. 

SIMS  composition  depth  profiles  of  the  specimen  prepared  at 
320'C  (SIN41-Fig. 3a)  show  uniform  composition  along  the  whole 
thickness  of  the  silicon  nitride  film,  the  thickness  of  the 
film  is  about  50  nm,  the  same  as  obtained  by  AES  measurement 
profile.  In  addition  to  Si  and  N  one  can  see  low 

concentration  of  impurities  such  as  carbon,  hydrogen  (as  OH) 
and  oxygen.  At  he  interface  between  the  silicon  nitride  and 
silicon  oxide  the  carbon  and  OH  concentration  increase  in 
about  one  order  of  magnitude  probably  due  to  residual  alcohol 
which  was  used  to  clean  the  substrate  before  inserting  it 
into  the  vacuum  chamber.  The  SIMS  profile  of  specimen  SIN42 
which  was  prepared  at  270 °C  (Fig. 3b)  also  show  uniform 
composition,  however  the  relative  concentration  of  the 
hydrogen  is  higher  than  that  observed  in  specimen  SIN41. 
According  to  these  profiles  the  film  thickness  is  about  100 
nm.  In  specimen  SIN44  prepared  at  220 °C  (Fig. 3c)  the 
thickness  is  of  about  20  nm  and  there  is  a  slight  variation 
in  composition  at  the  middle  of  the  film  depth.  In  addition, 
the  oxygen  concentration  is  much  higher  than  the 
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concentrations  of  all  the  other  elements  including  silicon 
and  nitrogen.  This  result  is  in  contradiction  to  the  AES 
depth  profile.  Fig  3d  shows  a  SIMS  depth  profile  of  silicon 
nitride  film  prepared  by  Low  Pressure  CVD  (LPCVD)  which  was 
used  as  a  reference  to  our  Laser  CVD  specimens. 

3.1.2  Thickness  and  Refractive  index  of  Silicon  Nitride  Films 

The  results  of  thickness  and  refractive  index  measurements 
for  films  obtained  in  runs  SIN30-SIN  36  were  presented  in 
progress  report  No. 2  (APP.B).  The  results  for  runs 
SIN41-SIN49  are  listed  in  table  No. 2. These  results  were 
obtained  either  by  ellipsometery  or  by  recording 
transmittance  and  reflectance  spectra  in  the  range  of 
400-900  nm  and  calculating  the  refractive  index  from  the  1/4 
which  correspond  to  maximiim  of  reflectance  shown  in  the 
curve.  This  type  of  measurement  could  be  carried  out  for  the 
films  obtained  in  runs  SIN47-SIN49  where  the  deposition  time 
was  twice  the  time  for  the  other  experiments  and  therefore, 
the  thickness  was  relatively  high  so  that  it  was  possible  to 
get  the  maxima  in  the  reflectance  curve.  It  should  be 

Table  2;  Thickness  and  refractive  of  silicon  nitride  films 


EXP.  ID 

T  ^ 

1  Temp . 

1  (°C) 

1 

No. Pulses 

1 - r 

1  Thick.  1 

1  (nm)  1 

1  1 

Ref . Ind 

n 

SIN41 

1 

1  320 

40007 

1  1 
i  60  1 

1.98 

SIN42 

1  270 

40177 

1  130  1 

1.80 

SIN43 

1  220 

40000 

i  6.5  1 

1.75 

SIN44 

1  220 

40164 

1  33  1 

1.90 

SIN45 

1  170 

40008 

1  62  1 

1.75 

SIN48 

1  315 

100200 

1  208  1 

1.94 

SIN49 

1  200 

J _ 

100000 

1  290  1 

_ 1 _ L 

1.82 

10 


emphasize  that  we  tried  to  measure  all  specimens 
ellipsometery  however  it  was  not  possible  to  get  results  for 
all  the  samples  due  to  the  limitation  of  instrximent  to  make 
calculation  based  on  and  of  the  polarized  light  which  might 
be  in  a  region  where  there  is  not  exact  solution  for  the 
ellipsometric  equations. 

3.1.3  Microstructure 

Fig.  4  shows  TEM  micrographs  of  a  vertical  view  of  a  cross 
section  of  SIN  film  obtained  in  experiment  SIN34.  One  can 
observes  that  the  film  contains  voids  which  have  to  be 
eliminated  in  order  to  get  an  homogenous  film.  However  it 
should  be  noted  that  these  void  didn't  show  any  negative 
effect  on  the  refractive  index  which  was  measured  (App.B) 
to  be  in  the  range  of  2-2 . 21 .  Looking  at  picture  4b  which  is 
a  magnification  of  fig. 4a  one  can  clearly  observes  a  sharp 
interface  SIN/ Si  which  means  that  no  interaction  occurred 
between  the  substrate  and  the  deposited  film.  This  result  was 
verified  in  the  AES  profile  of  this  film.  The  estimated 
thickness  from  the  cross  section  picture  is  125  nm  and  its 
value  is  close  to  the  value  of  120  nm  found  by  AES,  but  it  is 
higher  than  was  measured  by  ellipsometery  (About  105  nm- 
app.b).  Figs  4c  and  4d  are  electron  diffraction  taken  from 
the  cross  section.  Fig.lc  is  a  selected  area  pattern  taken 
from  the  SIN  film.  As  is  expected  from  the  deposition 
conditions  the  SIN  is  amorphous  and  therefore  exhibits 
diffusion  rings.  The  few  spots  shown  in  this  figure  belong  to 
the  silicon  substrate.  A  microdifraction  pattern  taken  from 
the  interface  SIN/Si  (fig.4d)  shows  the  diffusion  rings  which 
are  characteristics  of  the  SIN  film  together  with  discrete 
spots  of  the  silicon  single  crystal  substrate. 
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A 


B 


Fig. 4  :  TEM  micrographs  and  diffraction  patterns  of  SIN  film 
deposited  at  250 °C  (run  SIN34) 

A) *200000  b)*300000  c)  Diffraction  pattern  of  SIN  film 
d)microdiff ration  pattern  of  SIN/SI  interface 
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Fig. 4 ;  ( cont '  ) 
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3.2  Absorption  Measurements  of  Acetylene 

Table  3  lists  the  results  of  absorption  measurements  of 
acetylene  gas  by  using  excimer  laser  (193  nm) .  The  table 
contains  the  average  intensity  as  measured  by  a  calorimetric 
detector  while  the  laser  was  operated  at  repetition  rate  of 
10  Hz.  It  is  assumed  that  the  repetition  rate  does  not  affect 
the  gas  absorption.  As  can  be  seen  the  table  includes  also 
the  laser  energy  for  one  pulse  which  is  measured  directly  at 
the  laser  equipment.  The  laser  intensity  was  measured  at  the 
back  of  the  chamber  in  order  to  subtract  the  absorption  of 
the  windows.  The  incident  laser  intensity  was  therefore, 
measured  also  at  the  exit  from  the  chamber  while  it  was  in  a 
vacuum.  The  intensity  measurements  were  carried  at  several 
differ  pressures.  The  first  raw  can  be  used  as  the  incident 
intensity  for  the  measurement  in  raw  number  2.  However,  due 
to  deposition  on  the  chamber  windows  the  apparent  incident 
energy  used  for  for  the  next  measurement  was  measured  again 
and  it's  value  is  given  in  raw  3.  This  incident  intensity  was 
not  changed  further  during  the  following  absorption 
measurements  probably,  because  the  film  thickness  on  the 
window  remained  constant.  It  is  clearly  observed  from  these 
measurements  that  the  acetylene  gas  is  highly  absorbing  the 
laser  beam  at  this  wavelength  and  therefore,  it  is  suitable 
precursor  gas  for  the  formation  of  silicon  carbide. 
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Table  3;  Absorption  measurements  of  acetylene  by  excimer 
laser 


1 

Gas  Pressure] 
(Torr)  1 

_ i_ 

Laser  Energy 

(mJ/p) 

"1 - 

1  Laser  Intensity 

1  (Watt) 

1 

O 

• 

o 

130 

1 

1  0.75 

1 

2.0  1 

1 

130 

1 

1  0.55 

1 

1 

0.01  1 

1 

130 

1 

1  0.55 

1 

1 

2.0  1 

1 

135 

1 

1  0.40 

1 

1 

2.8  1 

1 

135 

1 

1  0.30 

1 

1 

0.01  1 

1 

130 

1 

1  0.5 

1 

1 

4.9(Ar)  1 

130 

1 

1  0.5 

1 


3 . 3  Gas  Analysis 

3.3.1  Silicon  Nitride  Deposition 

Figs.  5-8  are  the  data  obtained  for  gas  analysis  during 
experiment  SIN49.  These  are  examples  for  the  data  obtained 
during  each  experiment.  The  composition  of  gas  molecules  and 
their  derivatives  were  recorded  in  two  forms,  one  form 
contains  information  about  molecules  which  have  a  molecular 
mass  in  the  range  of  1-100  (Fig. 5a)  and  at  a  second  form 
where  only  eight  different  masses  can  be  monitored  (Fig. 5b). 
The  information  data  which  is  obtained  in  the  second  mode  has 
the  advantage  that  it  contains  the  partial  pressure  of  each 
one  of  eight  selected  molecules  and  it  is  better  used  to  make 


15 


quantitative  analysis  of  the  gas  and  gas  mixture.  The  data  of 
this  type  of  results  was  used  to  determine  the  effect  of 
laser  intensity,  NH^/SiH^  ratio  and  niunber  of  pulses,  on  the 
type  and  concentration  of  gas  molecules  in  the  deposition 
chamber.  The  data  in  fig.  5  shows  the  types  gas  molecules 
which  were  presented  in  the  vacuum  system  of  the  spectramass 
instrvunent.  This  result  is  used  as  a  background  to  the  gas 
analysis  which  is  carried  out  at  the  deposition  chamber.  Fig. 
6  shows  the  data  on  gas  composition  in  the  deposition  chamber 
while  it  was  evacuated  to  1*10  Torr. 

Looking  at  the  data  on  gas  analysis  prior  to  deposition  show 

that  there  is  a  relatively  high  amount  of  molecules  having 

mass  number  18  and  20.  This  result  must  be  eliminate,  however 

the  source  of  these  molecules  is  the  spectramass  which  is 

evacuated  by  diffusion  pump,  in  contrast  to  the  deposition 

chamber  which  is  evacuated  by  a  turbomolecular  pump. 

Fig. 7  and  fig.  8  show  the  data  analysis  of  the  gas  molecules 

in  the  chamber  before  and  during  deposition,  respectively. 

The  data  on  fig. 7a  and  fig. 8a  show  that  there  is  additional 

molecules  resulting  from  the  NH^/SiH^  gas  mixture.  The  peaks 

at  mass  numbers  of  16  and  17  correspond  to  NH^  and  NH  , 

respectively.  The  mass  numbers  of  between  28-32  correspond  to 

SiH  and  its  derivatives.  It  should  be  noted  that  the 
4 

derivatives  of  ammonia  and  silane  are  presented  even  without 
laser  irradiation  due  to  the  detection  mechanism  of  the 
spectramass  which  is  based  upon  cracking  of  the  molecules  by 
using  of  a  filament.  Therefore,  in  order  to  determine  the 
amount  of  either  silane  or  ammonia  one  must  sum  the  amount  of 
all  the  molecules  and  their  derivatives.  The  partial  pressure 
of  the  selected  molecules  is  written  in  the  tables  of  fig. 7b 
and  fig. 8b.  One  can  see  that  the  concentration  of  the 
molecule  which  has  mass  of  16  is  increased  during  laser 
irradiation,  while  molecules  having  molecular  mass  of  18  and 
20  do  not  change.  The  molecular  mass  of  16  is  contributed  to 
NH^  which  is  produced  by  laser  decomposition  of  the  NH  .  It 
should  be  noted  that  the  the  right  way  for  comparing  the 
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concentration  data  is  after  normalizing  the  partial  pressure 
of  each  molecule  to  the  total  partial  pressure  of  all 
molecules  which  exist  in  order  to  prevent  a  mistake  due  to 
changes  in  total  pressure  during  each  experiment. 
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Fiq«5 ;  Molecular  composition  detected  by  mass  quadrupole  in 
the  vacuum  system  of  the  spectramass  instrument (SIN4 9 ) 

a)  Complete  data  in  the  molecular  mass  range  1-100. 

b)  Partial  pressure  of  8  selected  masses 
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Fig. 6 ;  Molecular  composition  detected  by  mass  quadrupole  in 
the  deposition  chamber  prior  to  deposition ( SIN49 ) 

a)  Complete  data  in  the  molecular  mass  range  1-100. 

b)  Partial  pressure  of  8  selected  masses 
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Fig. 7 ;  Molecular  composition  detected  by  mass  quadrupole  in 

the  deposition  chamber  during  continuous  flow  of  NH  /SiH  /Ar 
^  •  34 

prior  to  laser  operation  in  experiment  SIN49 

a)  Complete  data  in  the  molecular  mass  range  1-100. 

b)  Partial  pressure  of  8  selected  masses 
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Fig. 8;  Molecular  composition  detected  by  mass  quadrupole  in 
the  deposition  chamber  during  continuous  flow  of  NH  /SiH  /Ar 
and  laser  irradiation  in  experiment  SIN49  ^  ^ 

a)  Complete  data  in  the  molecular  mass  range  1-100. 

b)  Partial  pressure  of  8  selected  masses 
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Figs.  9-10  show  the  dependence  of  the  concentration  ratio 
of  NH2/NH3  on  the  number  of  pulses.  These  type  of  plots 
can  indicate  on  the  photochemical  reaction  channel  during 
laser  irradiation.  The  curve  in  fig. 9  show  that  up  to  20000 
pulses  the  NH^/NH^  ratio  was  almost  constant  and  it's  value 
was  about  0.15,  followed  by  a  linear  dependence  up  to  a  ratio 
of  0.7  which  was  obtained  at  the  end  of  the  experiment,  after 
40000  pulses  (SIN42).  This  behavior  was  found  also  in 
experiment  SIN47  (Fig. 10)  and  SIN49  (Fig. 11)  which  were 
carried  out  at  the  same  SiH^/NH^  ratio  although  the  absolute 
flow  rate  was  changed.  From  these  results  it  can  be  concluded 
that  the  deposition  rate  is  not  constant  during  deposition 
and  it's  value  is  very  low  at  the  beginning  of  the  experiment 
and  it  increases  after  about  20000  pulses.  Looking  at  the 
thickness  measurements  in  table  2  one  can  see  indeed  that  the 
thickness  after  100000  pulses  is  higher  than  expected  from 
linear  calculation  which  is  based  upon  the  thickness  of  the 
films  which  were  obtained  at  40000  pulses. 


Fig. 9;  NH^/NH^  dependence  on  the  number  of  pulses  in 
experiment  SIN42 
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4. SUMMARY 

In  this  year  we  studied  the  deposition  of  silicon  nitride 
thin  films  at  low  temperatures.  Amorphous  silicon  nitride 
films  with  good  adhesion  and  optical  properties  were  obtained 
at  a  minimum  temperature  of  120 *C. 

The  Si/N  ratio  in  these  films  ranges  between  0.5-0. 9  but  no 
correlation  could  be  made  between  the  film  composition  and 
substrate  temperature.  The  refractive  index  of  the  various 
films  was  1.75-2.2.  A  value  of  refractive  index  below  2.0  is 
attributed  to  the  presence  of  hydrogen  in  the  silicon  nitride 
film.  The  hydrogen  composition  couldn't  be  measured 
quantitatively  however,  it  can  be  assumed  that  its  amount  is 
increased  at  low  temperature. 

In  this  year  we  also  managed  to  settle  a  new  line  for 
acetylene  gas  and  to  do  some  preliminary  experiments  for 
silicon  carbide  deposition.  This  process  is  only  in  the 
beginning  and  it  still  has  to  be  optimized. 
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INTRODUCTION 

The  aim  of  this  project  is  to  develop  and  to  investigate  a 
deposition  process  for  the  formation  of  thin  films  using 
laser  irradiation.  The  idea  is  to  use  excimer  laser  beam  at  a 
wavelength  of  193  nm,  for  the  dissociation  of  gas  molecules 
and  to  obtain  in  this  way  deposition  of  films  at  low 
temperature,  with  a  sharp  interface  between  the  film  and  the 
substrate  and  also  to  get  films  with  low  internal  stresses. 
The  work  in  this  year  will  concentrate  upon  deposition  of 
silicon  nitride  and  silicon  carbide  films. 

The  first  stage  was  to  modify  our  experimental  system  which 
was  used  for  deposition  of  silicon  and  silicon  nitride  by  the 
addition  of  gas  feeding  line  for  acetylene  which  will  be  the 
source  of  carbon  for  silicon  carbide  deposition.  In  addition, 
the  optical  system  was  also  modified  in  order  to  get  an 
homogenous  intensity  distribution  in  the  beam  cross  section 
which  must  be  use  in  a  case  that  the  irradiation  is  carried 
out  in  perpendicular  to  the  substrate. 


EXPERIMENTAL 


Deposition  System 

A  picture  of  the  experimental  system  is  shown  in  Fig.l.  It 
consists  of  a  stainless  steel  chamber  connected  to  a 
turbomolecular  pump  which  is  backed  by  a  mechanical  pump. 
Prior  to  the  deposition  the  chamber  is  evacuated  to  a  base 
vacuum  of  about  10  Torr,  and  the  specimen  is  heated.  The 
process  gas  or  gas  mixture  flows  through  several  lines  and 
mass  flow  controllers  and  are  mixed  before  entering  the 
chamber.  The  picture  shown  in  Fig. 2  exhibits  the  mass  flow 
controllers  for  ammonia,  silane,  acetylene  and  argon.  The 
line  for  Ar  was  also  changed  in  order  to  control  the  amount 
of  this  gas  that  is  used  for  washing  the  window  where  the 
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laser  beam  enters  the  chamber.  Ar  gas  flow  is  important  in 


Fig.  1: 


The  experimental  system  for  laser  induced  chemical 
vapor  deposition. 
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order  to  prevent  deposition  on  the  window.  When  the  whole 
system  reach  steady  state  of  at  a  constant  gas  flow  rate  and 
substrate  temperature  the  laser  beam  is  allowed  to  enter  the 
chamber  and  the  deposition  starts.  During  deposition  the  beam 
is  directed  into  a  quartz  tube  travelling  in  parallel  to  the 
substrate. 


MATERIALS 


Substrate 


Silicon  nitride  and  silicon  carbide  films  will  be  deposited 
on  Si (100)  single  crystal.  The  specimens  40mm*10inm  are  cut 
from  a  8"  wafers  which  are  used  in  the  fabrication  of 
integrated  circuits. 

Gases 

The  investigation  of  silicon  nitride  deposition  will  be 

carried  out  in  a  gas  mixture  of  silane  and  ammonia.  The 

“16 

ammonia  has  absorption  cross  section  in  the  order  of  10 
2 

cm  which  is  well  enough  to  promote  a  photochemical 
dissociation  of  the  molecule  which  is  needed  for  the  chemical 
reaction  with  silane  to  produce  silicon  nitride.  The  ammonia 
gas  is  also  generally  used  in  thermal  and  plasma  assisted 
CVD. 

The  choice  of  gas  source  for  carbon  which  is  needed  for  the 
deposition  of  silicon  carbide  was  more  difficult.  In  general, 
molecule  with  carbon-carbon  bond  intend  to  absorb  the  photon 
of  the  excimer  laser  and  to  dissociate.  Acetylene  gas  was 
preferred  due  to  the  fact  that  this  molecule  has  a  triple 
bond  and  the  molecule  is  more  active  than  the  saturated 
hydrocarbons . 

All  gasses  used  have  a  purity  of  electronic  grade. 
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Optical  System 

The  optical  system  consists  of  beam  homogenizer,  lens, 

attenuator,  and  camera.  The  beam  coming  out  from  the  laser 

has  a  rectangular  cross  section  with  dimension  of  20*5  mm2 

with  a  hollow  circle  inside  it.  The  intensity  distribution  is 

not  homogenous,  as  is  expected  from  a  multimode  laser  beam, 

with  energy  distribution  as  shown  in  Fig. 3.  Fig. 3a  shows 

three  dimensional  energy  distribution  and  Fig. 3b  shows  the 

relative  intensity  along  the  horizontal  line  in  the  middle  of 

the  beam  cross  section.  These  graphs  are  obtained  from  the 

computer  which  gets  the  intensity  signal  from  the  camera.  The 

camera  is  also  connected  to  a  screen  on  which  the  laser  beam 

can  be  viewed  and  the  intensity  distribution  is  observed  by 

different  colors  representing  different  intensities,  the 

attenuator  is  located  before  the  camera  in  order  to  protect 

it,  and  they  both  are  removed  from  the  beam  path  when 

deposition  starts.  After  the  beam  passes  through  the 

homogenizer  and  the  focusing  lens,  the  beam  has  rectangular 

2 

cross  section  of  4*4  mm  at  the  focal  point  and  its  energy 
distribution  is  shown  in  Fig. 4. 
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3D  L^er  Profile  37.7.X993  13:09:21  E><I«.2SKU.250mJ,10Mz,ATT  .210 


Fig  3:  Three  dimensional  intensity  distribution  of  laser 

beam  (a)  and  intensity  profile  along  the  beam 
center  (b)  before  homogenizer 


Fig  4:  Three  dimensional  intensity  distribution  of  laser 

beam  (a)  and  intensity  profile  along  the  beam 
center  (b)  before  homogenizer 
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Fig.  4 


( Cent .  ) 
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EXPERIMENTS 


The  designing  of  the  experiments  is  based  upon  the  results 

obtained  so  far  in  this  system.  The  work  done  up  to  now  was 

concentrated  upon  studying  the  process  of  deposition  of 

silicon  and  silicon  nitride.  Silicon  nitride  films  were 

obtained  at  a  temperature  40G-650®C,  a  constant  gas  flow 

rate,  constant  temperature  and  constant  SiH  /NH  ratio.  Fig. 5 

4  3 

shows  a  general  view  of  a  silicon  nitride  film  deposited  on 
Si(lGO).  The  film  was  obtained  by  irradiating  the  gas  mixture 
while  the  beam  was  travelling  in  parallel  to  the  substrate. 
The  blue  and  yellow  color  represents  differences  of  film 
thickness.  The  thickness  distribution  can  be  avoided  by 
scanning  of  .the  laser  beam,  however  this  can’t't  be  tested 
yet  in  the  experimental  system  and  further  modification  of 
the  deposition  system  is  needed.  The  measured  refractive 
index  of  the  film  shown  in  Fig. 5  is  2.04  which  indicates  that 
a  stoichiometric  composition  of  Si^N^  was  formed.  The 
compositional  profile  of  the  film  as  analyzed  by  Auger 
Electron  Spectroscopy  is  shown  in  fig  6.  The  curves  in  the 
figure  show  that  a  constant  Si/N  ratio  of  about  G.75  is 
measured  along  the  whole  thickness  of  the  film. 

In  the  following  experiments  the  effect  of  decreasing 
temperature,  and  the  change  in  SiH4/NH3  ratio  on  the 
composition  and  structure  of  the  films  will  be  studied,  and 
the  refractive  index  will  be  measured. 


4  i  3 
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Fig. 6:  Elements  concentration  profile  of  silicon  nitride 
prepared  by  LCVD  analyzed  by  Auger  Electron 
Spectroscopy. 
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INTRODUCTION 

According  to  the  second  stage  of  the  research  program  the 
aims  of  the  experiments  were  to  study  the  effect  of 
deposition  temperature  below  400 “C  on  film  quality, 
microstructure  and  composition  of  silicon  nitride.  The 
experiments  showed  that  it  is  possible  to  obtain  smooth  and 
shiny  films  at  temperature  as  low  as  250® C.  Ellipsometric 
measurements  showed  that  the  refractive  indices  of  the  films 
ranged  between  2. 0-2. 5  at  temperature  range  of  250-400 ®C, 
depending  upon  film  thickness,  the  Si/N  ratio  was  changed  by 
changing  deposition  temperature,  in  contrast  to  earlier 
results  which  were  obtained  at  temperature  range  of 
400-650®C. 


EXPERIMENTS 

Table  1  lists  the  deposition  conditions  of  the  experiments 
for  the  formation  of  silicon  nitride  at  low  temperature 
range . 

The  gas  mixture  consists  of  ammonia/silane ( 15%Ar )  at  flow 
rate  of  7.5  SCCM/25  SCCM,  respectively.  In  addition  a 
constant  flow  of  IQQ  SCCM  Ar  was  supplied  to  the  chamber 
window  at  the  irradiated  area  in  order  to  prevent  deposition 
on  it  while  the  beam  is  travelling  into  the  deposition 
chamber  and  therefore,  to  maintain  minimum  absorption  of  the 
laser  beam  by  the  window. 

The  value  of  the  pressure  which  appears  in  the  table  is  the 
total  pressure  at  the  chamber  including  the  washing  Ar  gas. 
When  a  total  pressure  of  6.6  Torr  was  measured  the  partial 
pressure  of  the  ammonia/silane  mixture  was  3.5  Torr. 
Basically,  the  main  parameter  which  was  changed  was 
substrate  temperature,  however,  other  parameters  were  also 
changed  according  to  the  results  of  each  experiment  in  order 
to  eliminate  the  formation  of  unwanted  powdered  films. 
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Table  No.l:  List  of  experiments  and  experimental  parameters 
for  deposition  of  silicon  nitride  films 


Exp# 

1  Temperature 

1 

1  °c 

1 

1  Pressure 

1 

1  Torr 

1 

Repetition 

Rate  (Hz) 

1  Laser  | 

1  1 

[Energy  mj] 

1  1 

No. 

Pulses 

SIN30 

1 

1 

1  400 

1 

1 

1 

i  5.9 

20 

1  1 

1  1 

1  190  1 

1  1 

50000 

SIN31 

1 

1  300 

1  6.4 

20 

1  1 

1  210  1 

1  1 

50000 

SIN32 

1 

1  200 

1 

1  6.5 

20 

1  1 

1  210  1 

1  1 

50000 

SIN33 

1 

1  250 

1 

1  5.8 

20 

1  1 

1  150  1 

1  1 

32000 

SIN34 

1 

1  250 

1 

1  6.5 

1 

■  20 

1  1 

I  200  1 

1  1 

50010 

SIN35 

1 

1  200 

1  6.3 

1 

20 

i  1 

1  170-130 1 

1  1 

50003 

SIN36 

1  200 

1  6.1 

5 

1  1 

1  170  1 

30012 

RESULTS  AND  DISCUSSION 


Films  quality 


Macro  pictures  of  the  various  films  are  presented  in  Fig.l. 
The  films  which  are  classified  as  good  films  are  those  which 
were  formed  in  runs  SIN3Q,  SIN31,  SIN34.  These  films  had 
good  spectral  reflectance  and  therefore  could  be  easily 
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analyzed  by  using  ellipsometry .  These  films  had  also  good 
adhesion  to  the  substrate.  The  films  obtained  from  runs 
SIN32,  SIN33,  SIN35  and  SIN36  vjere  not  satisfactory  and  had  a 
powdered  form  which  could  be  removed  easily  from  the 
substrate.  The  different  colors  v:hich  appears  on  the  surface 
of  the  good  films  are  known  to  be  due  to  thickness 
differences  as  will  be  further  explained  in  the  discussion 
thickness  measurements  results- 


S1N33 


S1N34 


S1N35  S1N36 


Fig.  1:  Macro  view  of  SIN  films  obtained  by  LCVD  from 
ammonia/silane  gas  mixture. 

Films  Composition 

The  composition  of  elements  of  SIN  films  as  was  analyzed  by 
AES  is  shown  in  Fig.  3-7.  The  analyses  in  the  as  received 
samples  of  all  films  show  that  the  films  contains  also 
carbon  and  oxygen  which  results  from  exposure  of  the 
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specimens  to  impurities  in  the  atmosphere.  This  result  is 
similar  also  in  the  reference  film  vjhich  was  obtained  at  lovj 
pressure  CVD  ( LPCVD  -  fig2). 

Also  shown  in  each  figure  a  compositional  profile  along  film 

thickness.  At  temperature  of  400®C  (SIN30  -  Fig. 3)  the  films 

has  a  constant  ratio  of  SI/N  =1  which  is  different  from 

SI/N=0.75  which  was  found  for  Si  N  which  was  obtained  in 
'  *  3  4 

earlier  study  and  also  at  the  reference  sample.  The  oxygen 

concentration  in  the  film  is  low  and  is  identified  to  the 

concentration  in  the  reference  sample.  A  rough  estimation  of 

film  thickness  using  the  compositional  profile  can  be 

obtained  by  multiplying  the  sputtering  rate  by  sputtering 

time.  The  calculated  thickness  at  the  measuring  point  is  180 

nm.  At  a  temperature  of  300®C  ( SIN31-Fig . 4 )  The 

compositional  profile  shows  that  the  SI/N  =  0.55.  This  ratio 

is  constant  along  film  thickness,  however  it  is  different 

from  the  composition  of  the  film  which  was  obtained  at 

400 “C.  It  can  also  be  observed  that  the  film  contains  almost 

10%  of  oxygen  which  is  not  allowed  in  the  film.  The  peak  in 

oxygen  concentration  near  the  interface  between  the  film  and 

the  substrate  is  related  to  a  bad  cleaning  treatment  of  the 

surface  prior  to  deposition.  The  estimated  film  thickness  at 

the  measurement  point  is  75  nm.  Figs  5-6  show  the  AES 

results  of  films  which  were  obtained  at  a  temperature  of 

250 'C.  The  comparison  between  these  two  different  results  is 

very  important.  These  two  experiments  had  b%en  conducted  at 

the  same  deposition  conditions  and  therefore  we  would  expect 

similar  composition  of  the  films.  However  the  film  which  was 

obtained  at  run  SIN33  was  powdered  and  the  film  produced  at 

run  SIN34  had  good  quality  and  good  spectral  reflectance. 

Indeed,  the  compositional  profile  of  the  good  film  showed 

almost  constant  ration  of  SI/N  =  0.8  and  oxygen 

concentration  below  10%.  It  should  be  emphasized  that  the 

oxygen  concentration  is  far  beyond  the  permitted  value  which 

is  below  1%. 


rPUTTFR  Tint  iHlH.) 


As  deposited  surface  composition  (a)  and 
compositional  profile  (b:peak  to  peak  and  c:  atomic 
concentration)  of  silicon  nitride  film  deposited  at 
40G“C  (run  SIN3G). 


e  1  ?  3  ^  ^  ^  ^  ^ 

rPUTTFR  TIMF 

As  deposited  surface  composition  (a)  and 
compositional  profile  (b:peak  to  peak  and  c:  atomic 
concentration)  of  silicon  nitride  film  deposited  at 


3G0”C  (run  SIN31). 


As  deposited  surface  composition  (a)  and 
compositional  profile  (bipeak  to  peak  and  c:  atomic 
concentration)  of  silicon  nitride  film  deposited  at 
250“ C  (run  SIN33). 
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The  compositional  profile  of  the  povjdered  film  showed  that 

the  amount  of  silicon  and  nitrogen  is  not  constant  along  the 

film  thickness,  the  oxygen  concentration  is  too  high 

(20-34%)  and  there  is  no  sharp  interface  as  is  usually 

expected  from  good  quality  films.  So  far  vje  cann't  find  a 

reasonable  explanation  for  this  result  except  that  one  of 

the  deposition  parameter  was  not  under  control,  for  example 

the  gas  flow  rate.  The  conclusion  is  verified  by  the  high 

amount  of  oxygen  in  the  deposition  chamber  and  also  in  the 

film  which  was  never  detected  in  earlier  experiments  in  this 

system.  It  is  important  to  mention  that  when  a  powdered  film 

is  formed  an  illumination  is  viewed  during  laser  irradiation 

in  the  gas  phase  at  the  beam  propagation  path.  This 

phenomenon  was '  knowm  before  in  silicon  deposition  and 

therefore  it  may  be  concluded  that  more  experiments  have  to 

be'  done  in  order  to  investigate  the  reasons  for  this 

phenomenon  and  to  prevent  it  in  order  to  get  non  powdered 

film.  The  compositional  profile  of  the  film  obtained  at 

.200'’C  showed  that  at  this  experiment  a  rather  unexpected 

result  was  obtained.  Actually,  instead  of  the  formation  of 

silicon  nitride  was  formed  but  rather  a  SiO  film  was 

2 

formed.  The  source  for  the  oxygen  is  not  known,  and  verify 
the  conclusion  made  from  experiment  SIN33  that  factors  other 
that  substrate  temperature  was  responsible  for  the  bad 
results. 

Thickness  and  Refractive  Index  Measurements 


As  was  mentioned  in  the  discussion  of  the  macro  pictures  the 
silicon  nitride  films  exhibited  several  colors  which  is 
known  from  previous  work  result  from  differences  in  film 
thickness.  The  reasons  for  thickness  differences  are  not 
understood  especially  due  to  the  fact  that  the  beam  cross 
area  is  rectangular  and  no  focusing  of  the  beam  is  done. 
These  differences  cann’t  be  measured  by  alpha  step  profiler 
which  was  also  used  for  film  thickness  measurements  but  by 


11 


using  ellipsometer .  Using  ellipsometer  it  was  possible  to 
make  thickness  and  refi*active  index  measurements  at  the  same 
time.  These  measurements  were  done  at  many  points  along  the 
two  axis  of  the  specimens  surface.  Fig.  7  shows  the 
transversal  thickness  distribution  profile  at  a  point  which 
is  2  cm  from  the  front  edge  of  the  specimen.  It  is  clear 
that  a  symmetrical  type  of  thickness  distribution  curve  is 
obtained  even  though  it  is  not  completed  from  the  two  sides 
of  the  peak  maximum.  It  can  reasonably  assumed  that  if  the 
specimen  width  was  larger  than  IQ  mm  the  complete  curve 
would  be  recorded.  The  maximum  thickness  is  140  nm  and  it  is 
obtained  at  the  point  which  has  the  lowest  distance  from  the 
center  of  the  laser  beam.  The  thickness  drops  to  60  nm  at  a 
distance  of  5  mm  from  the  peak  value. 


Position  (mm) 


Fig  7:  Transversal  thickness  distribution  profile  of 
silicon  nitride  films  deposited  at  300 “C  (run  SIN31) 
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Thickness  distribution  profiles  of  the  film  deposited  at 
250 “C  (run  SIN34)  are  shown  in  Fig. 8.  This  figure  shows  the 
profile  at  four  distances  from  the  front  edge  of  the 
specimen.  The  shape  of  the  profiles  and  the  maximum 
thickness  are  similar  in  each  distance  however,  the  peak 
width  at  1  and  2cm  are  more  wide  than  the  peak  width  at  3 
and  4  cm  from  the  front  edge.  These  results  should  be 
further  investigated  in  order  to  study  the  mechanism  of  film 
growth. 


Poaition  (mm) 


Fig  8:  Transversal  thickness  distribution  profile  of 
silicon  nitride  films  deposited  at  250 ®C  (run  SIN34) 
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Fig.  9  shovjs  the  refractive  inde>:  distribution  of  the  filn 
deposited  at  25G'’C.  As  was  presented  in  figure  8  the  four 
curves  represent  the  transversal  distribution  along  specimen 
width  at  four  distances  from  the  front  edge  of  the  specimen. 
The  range  of  refractive  index  values  is  n=2.1-2.22. 
Generally  looking  at  Fig.  8-9  and  ignoring  absolute  values 
it  can  be  seen  that  the  shape  of  the  refractive  index  curves 
can  be  correlated  with  the  film  thickness  curves.  The 
differences  in  the  refractive  indices  along  the  specimen  is 
unexpected  and  more  work  has  to  be  done  before  coming  to  a 
conclusion. 


Position  (mm) 


Fig  9:  Transversal  distribution  profile  of  refractive  index 
of  silicon  nitride  films  deposited  at  250*0  (run 
SIN34) 
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SUMMARY  AND  CONCLUSION 


During  this  stage  of  the  research  it  was  shown  that  silicon 

films  of  good  quality  is  possible  at  substrate  temperature 

of  250°C.  This  temperature  is  not  the  limit  value  and 

further  work  will  be  done  in  order  to  lower  the  deposition 

temperature.  It  was  found  that  powdered  films  were  sometimes 

obtained  and  they  contained  high  amount  of  oxygen.  The 

source  for  the  oxygen  is  not  clearly  understood,  and  is 

-6 

rather  unexpected  due  to  a  high  base  vacuum  of  10  Torr 

which  is  maintained  in  the  chamber  prior  to  deposition.  This 

oxygen  must  be  eliminated  in  following  experiments. 

The  SI/N  ratio  was  different  at  different  substrate 

temperatures  but  no  simple  dependence  can  be  found  between 
them.  A  ratio  of  SI/N=1  was  obtained  at  400‘’C,  SI/N=0.55  at 

SOO-C  and  SI/N=0.8  at  250‘’C. 

Refractive  index  of  good  quality  films  was  n=2.1-2.22  at  all 
temperatures  and  its  value  increased  upon  increasing  film 
thickness . 


Appendix  C 


